INTRODUCTION
Historically, protein-DNA interactions are studied by gel shift analysis [electrophoretic mobility shift assay (EMSA)] (1). The methodology is inexpensive but effectively "freezes" a protein-DNA interaction in time and cannot generate real-time data with respect to binding conditions because the interaction is detected only after the protein-DNA complex has been electrophoresed. More recently, surface plasmon resonance (SPR) (2) has been employed to monitor protein-DNA interactions. This technique has the advantage that it generates real-time data (both for kinetic and other analyses) but is expensive. Fluorescence correlation spectroscopy and fluorescence anisotropy are also used to study protein-DNA interactions (3) , but none of these techniques are readily adaptable to a high-throughput format. Alternatively, protein-DNA interactions (of bacteriophage displaying individual zinc finger proteins) may be quantified by ELISA (4) , which is both inexpensive and amenable to high-throughput (e.g., by the generation of protein-DNA interaction arrays) (5) . High-throughput analysis can also be achieved by using modified nitrocellulose filter binding assays (6) , but again, these techniques cannot generate data in real time.
Current advances in both EMSA and SPR have also begun to address throughput. For example, EMSA has been adapted to a capillary electrophoresis format (7) and, by using a fluorescently labeled DNA sequence, detection of the retarded complex has been automated using a DNA sequencer (8) . Similarly, by linking SPR to charge-coupled device (CCD) imaging, arrays with immobilized DNA to detect protein-DNA interactions have been developed (9) , and SPR detectors for the analysis of 2-D arrays are under commercial development (10) . Thus, SPR may soon address both throughput and real-time analysis, but the process is likely to be costly.
We wished to combine the advantages of all three approaches to generate an assay that is inexpensive and requires no specialized instrumentation in a format that is readily amenable to high-throughput screening but that also allows one of the principle advantages of real-time study: the iterative analysis of samples after successive changes in interaction conditions. Our assay is based on direct protein immobilization in microplate wells, with fluorescently labeled DNA added free in solution.
MATERIALS AND METHODS

Materials
Oligonucleotides for gene synthesis (DAN1-6) and binding site oligonucleotides BSH and BSHc were obtained from Applied Biosystems (Warrington, UK) and MWG-Biotech (Milton Keynes, UK), respectively. Table 1 
Zinc Finger Gene Construction and Expression
The following pairs of oligonucleotides, DAN1/DAN4 (fragment Z1), DAN2/DAN5 (fragment Z2), and DAN3/DAN6 (fragment Z3), were annealed, prepared for cloning, and the fragments were inserted individually into SmaI-digested dephosphorylated pUC19 (MBI Fermentas) as previously described (11) . After sequence verification, the inserts were excised by combined AgeI/EcoRI digestion (employing the EcoRI site from the pUC19 polylinker); XmaI/XbaI digestion (employing the XbaI site of the pUC19 polylinker); and XmaI/EcoRI digestion, respectively; and gel-purified in 1% SeaPlaque ® agarose (Flowgen, Ashby de la Zouch, UK). Fragments Z1 and Z2 were ligated, and the product was digested with AgeI, treated with phosphatase, and then purified on silica beads. The combined Z1/Z2 product was ligated with fragment Z3, and the completed construct was then ligated into EcoRI-digested pUC19. After sequence verification, the zinc finger gene was excised by combined BamHI/EcoRI digestion and ligated into similarly digested pGEX2TK to generate plasmid pGST-ZFH. Oligonucleotide Sequence
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Escherichia coli BL21 cells (EMD Biosciences, Madison, WI, USA) were transformed freshly with pGST-ZFH, and a single colony was inoculated into 200 mL LB medium containing 50 µg/mL ampicillin and 1% glucose, which was then incubated with shaking at 37°C overnight. The resulting culture was added to 1800 mL of the same medium prewarmed to 37°C and further incubated at 37°C until an A 600 of approximately 0.4 was reached. The cells were then harvested by centrifugation at 2,500× g for 7 min and resuspended in 2 L of LB medium containing 50 µg/mL ampicillin (no glucose) that had been prewarmed to 30°C. Isopropyl-β-D-thiogalactoside (IPTG) was added to a final concentration of 0.2 mM, and the cells were incubated with shaking at 30°C overnight. The cells were again harvested by centrifugation at 2,500× g for 7 min, and the glutathione-Stransferase (GST) fusion protein was purified as previously described (11) . Protein concentration was estimated by using the Bio-Rad Protein Assay kit (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer's instructions, using bovine serum albumin (BSA) as a standard.
Double-Stranded DNA for Use in Protein-DNA Interaction Analyses
Binding site oligonucleotides BSH and BSHc (100 µM) were combined and heated to 95°C for 2 min and then cooled to 25°C at a speed of 1°C/min in a thermal cycler (PTC-200™; MJ Research, Waltham, MA, USA). The DNA was aliquoted and stored in the dark at 4°C until required.
Microplate-Based Detection of Protein-DNA Interactions
Protein (133 nM in 20 mM TrisHCl, pH 8.5) was loaded into the microplate wells [30 µL per shallow-well plate (4 pmol) and 350 µL per other plates (47 pmol)], and the plate was incubated at 25°C for 1 h and subsequently at 37°C for 90 min. 
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Cy™3-labeled double-stranded binding site DNA in TBS (30 µL/350 µL) was then added in concentrations as indicated (Figures 1-3) , and the plate was wrapped in aluminium foil and incubated at room temperature for 1 h. Unless otherwise stated, the plates were then washed three times in TBST. After the removal of the final wash by inversion, fluorescence was measured in a SPECTRAmax ® Gemini XS plate reader (Molecular Devices, Sunnyvale, CA, USA) with excitation and emission wavelengths of 510 and 565 nm, respectively, and a cut-off filter of 550 nm. All measurements (both calibration curves and protein-DNA interaction analyses) were performed in triplicate, and the data were fitted using KaleidaGraph ® Version 3.08d (Synergy Software, Reading, PA, USA).
RESULTS AND DISCUSSION
A gene encoding the consensus sequence zinc finger protein previously described by Desjarlais et al. (12) , which binds with high specificity and affinity to the DNA sequence 5′-GGGGCG-GCT-3′, was synthesized employing E. coli-preferred codons (13) to maximize subsequent expression. The gene was then expressed as an N-terminal fusion to GST, and the resulting protein, named GST-ZFH, was purified by affinity chromatography. GST-ZFH was used to develop a protein-DNA interaction assay that would be amenable to highthroughput screening.
Initially, three black microplates, the shallow well medium binding plate, the standard high binding plate, and the MaxiSorp plate, were evaluated with respect to sensitivity. All are 96-well format, but the small volume plate consists of 96 shallow slope-sided wells with maximum sample loading capacities of 30 µL, whereas the other two plates have standard cylindrical wells with a maximum loading volumes of 350 µL. All three plates may be accommodated in standard microplate readers. First, we determined that each plate gave a linear response to the Cy3-labeled DNA. In each case, a linear response was seen from 0.2-100 nM DNA ( Figure 1A) .
We then evaluated each plate for its utility in monitoring protein-DNA interactions. Preliminary experiments employing radiolabeled protein demonstrated that, in analogy to the immobilization of protein antigens in a standard ELISA, the zinc finger proteins could be immobilized directly onto the surface of microplate wells (data not shown).
GST-ZFH protein was therefore immobilized onto the surfaces of the wells in each microplate, and Cy3-labeled target DNA was added. After incubation and washing, immobilized DNA was quantified ( Figure 1B) . Although we anticipate that much higher quantities of protein will be immobilized in the large volume plates, we were interested to find that over similar ranges of DNA concentration, the greatest sensitivity was obtained using the small volume plate in which the well sides are sloped ( Figure 1B) . Interestingly, in this plate, DNA binding was starting to saturate at the highest concentrations used, while the other two plates were still in the initial linear phase of binding over this concentration range of DNA. Because it is beneficial in high-throughput screening to minimize reagent costs and volumes, the shallow-well plate was adopted for future use.
The fluorescence-based assay was then used to measure the apparent dissociation constant of GST-ZFH with its target DNA sequence (Figure 2 ). For reference, free QDR-RER-RHR protein (the ZFH component of GST-ZFH) is reported to have a dissociation constant (K d ) of 2 nM when measured by conventional gel shift analysis (12) . In our assay, the analysis of the binding data generated an apparent dissociation constant (K dapp ) value of 7.3 nM ± 1.0 (n = 3 ± SEM). The agreement between these Figure 2 . Measurement of apparent dissociation constant (K dapp ) between glutathione-Stransferase (GST)-ZFH and its target DNA sequence. GST-ZFH (4 pmol) was immobilized in black shallow-well microplates, and protein-DNA interaction analyses were performed with 0-100 nM double-stranded binding site DNA. For the quantification of bound DNA, a calibration was measured over the same concentration range and the data fitted by linear regression (R > 0.99). K dapp was calculated by plotting bound versus free DNA with data fitted to the equation y = m1*m0/(m0 + m2) where y = bound DNA; m1 = total available binding sites; m0 = free DNA; m2 = K d (dissociation constant) (17) . Free DNA was calculated by subtracting bound from total DNA. The error bars represent standard deviation. 
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values, although they were obtained by different methods, suggests that the GST domain has relatively little effect on DNA affinity.
Finally, we examined the effect of washing and buffer composition on the protein-DNA interaction. Ideally, washing should eliminate background interaction (noise) but leave the specific interaction (signal) intact. Normally, however, the number and stringency of washes are a matter of precedent and/or guesswork. By exploiting the iterative potential of our assay, we were able to identify both the ideal number of washes and the effect of varying salt concentration on the zinc finger-DNA interaction. We first immobilized both GST-ZFH and GST (to represent background signal) proteins. Standard fluorescence-based assays were performed, but instead of washing three times and then quantifying bound DNA, fluorescence was quantified as soon as the DNA had been added and after each subsequent washing step. Figure 3A demonstrates that the majority of unbound/weakly bound DNA is removed from GST after one wash, whereas DNA binding by GST-ZFH is largely unaffected by subsequent multiple washes. We therefore concluded that one wash is optimal to remove unbound DNA in this assay format.
We next investigated the effect of increasing stringency by evaluating the salt concentration that would be required to elute the GST-ZFH protein from the DNA. A fluorescence-based protein-DNA interaction assay was performed as above, but elutions were carried out by a single wash of buffer that contained varying concentrations of NaCl. Figure 3B demonstrates that 0.6-0.9 M NaCl is the most effective in disrupting the protein-DNA interaction, while the interaction is neither disrupted by 0.1 M NaCl nor, interestingly, by 5 M NaCl. (We confirmed that the Cy3-labeled DNA does not precipitate or adhere to the surface of the microplate in the presence of 5 M NaCl.) Thus, these high and low salt conditions equate with washing in buffer alone ( Figure 3A ).
In conclusion, we have developed a simple microplate-based fluorescent assay that is ideally suited to the analysis of protein-DNA interactions of purified unlabeled proteins. In concept, our assay is similar to an inverted ELISA, except that no extraneous reagents are required for the detection of bound ligand. This noninvasive assay may be used to quantitatively optimize assay conditions. For example, we discovered that for the DNA binding protein GST-ZFH, one wash was sufficient to remove nonspecific DNA binding. Moreover, specific binding is relatively unaffected by both high (1-5 M) and low (0-0.3 M) NaCl concentrations but is disrupted effectively by 0.6-0.9 M NaCl. We propose that in addition to the utility of a simple high-throughput assay format, the ability to determine ideal assay conditions easily should substantially enhance the quality of data obtained from such analyses. In principle, the format is also similar to an inverted biopanning experiment (14, 15) , except that within biopanning, it is not possible to quantify the protein-DNA interaction prior to elution. In the following paper (16), we examined an inversion of our assay for use with crude mixtures of proteins, a method that directly mimics a quantitative biopanning experiment.
